In the present work, we have analyzed the electrophilic and nucleophilic chemical reactivity of the neutral and anionic chlorophenoxyacetic acid herbicides, 4-CPA, 24D-CPA, 34-CPA and 245T-CPA at the X/6-311++G(2d,2p) level of theory (where X= wB97XD, MPW91B1K and MP2). Chemical reactivity was analyzed in the aqueous phase and employing global and local DFT reactivity descriptors. The structural parameters derived from DFT calculations are equivalent to those obtained at the MP2 level. The Fukui Function values suggest that nucleophilic attacks to the neutral and anionic forms would cause dechlorination on 24D-CPA, 34-CPA and 245T-CPA and hydrogen abstraction in 4-CPA. At pH values lower than 2.7, electrophilic attacks would cause the cleavage of the ether bond in 4-CPA, 24D-CPA and 34-CPA and dechlorination in 245T-CPA. But, at pH > 3.6, electrophiles may cleave the ether bond to start the degradation of the four CPAs.
INTRODUCTION
Chlorophenoxyacetic acids (CPAs) are widely used as plant growth regulators, herbicides and post-emergence pesticides for a selective control of broadleaf weeds. 1, 2 The structure of these CPAs involves an aliphatic carboxylic acid moiety which is attached to a chlorine substituted aromatic ring by an ether bond, see Figure 1 , where the position of the halogen has been associated with their toxicity. [3] [4] [5] It has been reported that CPAs resist biodegradation and have potential toxicity towards humans and animals because they increase the vulnerability of mammals to infectious diseases and cancers. [6] [7] [8] [9] [10] Also, CPAs herbicides may generate waste products and contaminate water continuously. Therefore, there is a great interest in developing efficient degradation methods to remove these herbicides from water and soils. 11 Most of the techniques used for CPAs degradation are based on the generation of hydroxyl radicals (OH•). 12, 13 Other methods involve bacterial degradation characterized by an initial ether cleavage followed by oxidative dechlorination of the resulting dichlorophenol and ortho cleavage of the aromatic ring. [14] [15] [16] Also, electrochemical techniques such as anodic oxidation and indirect electroxidation methods based on H 2 O 2 electrogeneration have been employed to degrade CPAs. 17 In most of the cases, the accepted degradation mechanism suggests that CPAs may be cleaved to form chlorophenol and, possibly, two-carbon fragments. However, despite their danger as potential water contaminants, the chemical reactivity of these compounds is often not well understood. [18] [19] [20] [21] [22] Therefore, a good knowledge of their reactivity may be an important factor for developing efficient degradation methods. In this sense, the accepted theories of the quantum chemistry provide theoretical methodologies which allow analyzing the reactivity of a system at the molecular level. Some theoretical quantum studies have suggested that the proper orientation of the COOH group and the phenyl moiety modify the reactivity of these herbicides. 3 Ren et al carried out a Density Functional Theory (DFT) study in which free radicals (OH•) attacks one of three positions of 4-Chlorophenoxy acetic Acid (4-CPA), 2,4-dichlorophenoxy acetic acid (24D-CPA), 2-methyl-4-chlorophenoxyacetic acid, 2-(2,4dichlorophenoxy)propanoic acid and 2-(4-chloro2-methylphenoxy) propanoic acid herbicides. 23 They modeled the H-atom abstraction reactions in the -CH 2 -group and found that the OH• addition on the aromatic ring presents the highest and lowest energy barriers. It is important to mention that only the free radical attacks on these CPAs have been analyzed in the literature by which the electrophilic and nucleophilic chemical reactivity exhibited by these acid herbicides are missing. Under these conditions the proposal of new efficient degradation methods employing electrophiles and nucleophiles is a topic of interest Moreover, if one considers that in an aqueous environment at pH > 7 carboxyl groups are usually deprotonated; then the anionic forms of chlorophenoxy acetic acids may be predominant under the pH conditions of surface waters, 24 and a change on the chemical reactivity; in comparison to the neutral forms may be expected. To the best of our knowledge, the global and local reactivity descriptors, of 4-CPA, 24D-CPA, 3,4-dichlorophenoxy acetic acid (34-CPA) and 2,4,5-trichlorophenoxy acetic acid (245T-CPA), in their neutral and anionic forms are still missing. Thus, in the present work we have carried out a theoretical DFT study to analyze the electrophilic and nucleophilic reactivity of these CPAs. We consider that this kind of study will contribute to get a better understanding of the nucleophilic and electrophilic reactivity of these herbicides. 
Theory
Within the framework of the DFT, it is possible to define global reactivity parameters which give information about the general behavior of a molecule. 25 These parameters are the electronic chemical potential (m), the electronegativity (c), and hardness (h), which are defined as: [25] [26] [27] [28] [29] [30] [31] ( ) ( )
In these equations, E, N and v(r) are the energy, number of electrons and the external potential of the system, respectively, while I and A correspond to the vertical ionization potential and vertical electronic affinity, respectively. Another global reactivity descriptor is the global electrophilicity index (w) defined as a measurement of the susceptibility of a chemical specie to accept electrons, which can be calculated as:
Additional to the global reactivity parameters, the local reactivity of a molecular system can be evaluated through the Fukui function (f(r)), defined as:
where r(r) is the electronic density. The Fukui function (FF) can be evaluated by using a finite difference approximation. However, due to the discontinuity of the electron density with respect to N, this approximation leads to three types of FF for a system, namely, f
-(r) and f 0 (r) for nucleophilic, electrophilic, and free radical attacks respectively.
Methodology
The optimal conformations of the CPAs were subjected to full geometry optimization employing the functionals MPW91B1K, 39 and wB97XD.
40
MPW91B1K has been considered as an excellent method to study the electronic properties of chlorinated organic compounds, 23 while that wB97XD is used to analyze the influence of the dispersive interactions. A triple-zeta quality basis set with polarization and diffuse functions denoted as 6-311G++(2p,2d) 41, 42 was used in conjunction with the PCM solvation model. 43, 44 The optimized geometries at the DFT level were reoptimized employing the PCM solvation model at the MP2/6-311G++(2d,2p) level of theory. 45 All the calculations here reported were carried out with Gaussian 09, 46 and visualized with GaussView V. 3.09. 47 
RESULTS AND DISCUSSION
4.1 Global and local reactivity descriptors for neutral CPAs at the DFT level. Figure 2 shows the optimized structures of 4-CPA, 24D-CPA, 34-CPA and 245T-CPA at the wB97XD/6-311++G(2d,2p) level of theory, in the aqueous phase. The XYZ coordinates of these structures are reported in Table 1S -4S as supplementary material. Also, the structures showed in Figure 2 were optimized at the MPW91B1K/6-311++G(2d,2p) level of theory (not shown). It is interesting to note that 4-CPA, 24D-CPA and 34-CPA are exhibiting planar geometries but 245T-CPA result to be non planar. This result suggests a molecular destabilization on 245T-CPA caused by chloride atom in position 2, see Figure 1 .
In order to calculate the global reactivity descriptors for the CPAs, we have calculated the value of the vertical affinity energy as ( ) ( ) 
. The values of m , h , w were calculated employing the equations (1), (3) and (4) and their values are reported in Table 1 . At the MPW91B1K/6-311++G(2d,2p) and wB97XD/6-311++G(2d,2p) levels of theory, the hardness values are similar, see Table 1 , which indicates that these four CPAs have similar stability. Also, note that the m and w values are very close indicating similar nucleophilic behavior. This result is consistent at the MPW91B1K/6-311++G(2d,2p) and wB97XD/6-311++G(2d,2p) levels of theory 
Local reactivity descriptors for neutral CPAs at the DFT level
Additionally, consider that m , h , and w are global type response functions that characterize the molecule as a whole which allow us to characterize global reactivity trends. 23 But, it is important to evaluate local reactivity descriptors as FF to analyze the pinpoint distribution of the reactivity in the molecule. Figure 3 shows the FF isosurfaces for 4-CPA, which were obtained through the equations (8) and (9) . The more nucleophilic active sites are 4C and 7C (see Figure 3a) , while the most electrophilic active site is 2O, Figure 3b . Similar isosurfaces to those shown in Figure 3 (8) and (9). Table 2 summarizes the more reactive sites of the CPAs analyzed in the present work. Note that nucleophilic attacks on 4-CPA, 34-CPA and 245T-CPA would cause hydrogen substitutions on the aromatic ring. But, 24D-CPA a nucleophile, attacking on 4C may dechlorinate it. Also, note that in acid pH values, protons in solution might cause an electrophilic attack on 2O to produce 4-chlorophenol while electrophilic attacks on 4C and 7C atoms in 245T-CPA would cause dechlorination. The prediction of these sites is completely coincident at both MPW91B1K/6-311++G(2d,2p) and wB97XD/6-311++G(2d,2p) levels of theory. Table 2 . More reactive sites of 4-CPA, 24D-CPA, 34-CPA and 245T-CPA at the MPW91B1K/6-311++G(2d,2p) and wB97XD/6-311++G(2d,2p) levels of theory according to equations (8) and (9). 245T-CPA 5C, 9C 4C, 7C
Global and local reactivity descriptors for anionic CPAs at the DFT level.
In an aqueous environment at basic pHs, carboxyl groups lose a H, and they become negatively charged. Usually the carboxyl group are deprotonated at pH > 7. However, it is important to consider that the specific pH value, where a molecule is deprotonated depends on its pKa value. Thus, the pKa value reported for 4-CPA is 3.56, which indicates that at pH > 3.56 the anionic form of 4-CPA is predominant. For 24D-CPA and 245T-CPA the pKa values are 2.77 and 2.88 respectively. 24 Thus, the anionic forms of 24D-CPA and 245T-CPA are predominant at pH values bigger than 2.77 and 2.88 respectively. On the other hand, to the best our knowledge, the pKa value for 34-CPA has not been reported in the literature. In order to identify the pH value where the anionic form of 34-CPA is predominant we evaluate its pKa value through the semiempirical method PM6, 48 as implemented in MOPAC 2016, 49 the resulting value is 3.16. If one calculates the pKa values for 4-CPA, 24D-CPA and 245T-CPA through this method the values are 3.27, 3.23 and 3.26 respectively, which are close to the experimental values with an average deviation of 0.39 from the experimental pka values. Thus, if one considers this average deviation, it is possible to predict that the pKa value for 34-CPA is 2.77. Under these conditions the anionic forms of 4-CPA, 24D-CPA, 34-CPA and 245T-CPA are predominant at pH values bigger than 3.56, 2.77, 2.77 and 2.88, respectively. 24 . In order to analyze the chemical reactivity of the anionic forms. They were optimized at the X/6-311++G(2d,2p) level of theory (where X=MPW91B1K, wB97XD), see Figure 4 . The bond distances and angle values are similar to those obtained for neutral forms, see Table 1S -4S in supplementary material.
In Table 3 Nucleophilic and electrophilic Fukui functions for the anionic CPAs were evaluated through equations (8) and (9) . Similar isosurfaces to those depicted in Figure 3 were obtained (see Figures 4S, 5S and 6S, in supplementary material) and the summary of the more reactive sites is reported in Table 4 . Nucleophilic attacks in anonic 24D-CPA and 245T-CPA would cause dechlorination, while on 4-CPA and 34-CPA would cause hydrogen substitutions on the aromatic ring. The more electrophilic sites are located on 2O and 6C for 4-CPA, 24D-CPA and 245T-CPA, but 34-CPA exhibits its more electrophilic active sites on 2O and 4C. These results suggest that electrophilic attacks either on 2O or 6C would cause degradation through the formation of 4-chlorophenol or dechlorination, respectively. Table 4 . More reactive sites on anionic 4-CPA, 24D-CPA, 34-CPA and 245T-CPA at the MPW91B1K/6-311++G(2d,2p) and wB97XD/6-311++G(2d,2p) levels of theory according to equations (8) 
Local reactivity descriptors for neutral and anionic CPAs at the MP2 level
The evaluation of the nucleophilic and electrophilic FF at the MP2 level for CPAs was done through equations (8) and (9) . The isosurfaces are similar to those obtained at the DFT level and the more reactive sites are summarized in the Table 6 . For 24D-CPA, 34-CPA and 245T-CPA, nucleophiles would favor dechlorination while 4-CPA would be susceptible to hydrogen substitution on the aromatic ring. Electrophilic attacks to 4-CPA, 24D-CPA and 34-CPA neutral forms would cause the formation of chlorophenol while in 245T-CPA the dechlorination will be the favored process. For the deprotonated forms a nucleophilic attack on 4-CPA may cause hydrogen substitution on the aromatic ring but 24D-CPA, 34-CPA and 245T-CPA will be affected to produce dechlorinated compounds. In the case of electrophilic attacks, the formation of chlorophenol is the favored process through the cleavage of the ether bond. Here, it is interesting to highlight that a change from acid to basic pH values of the solution might cause that the four CPAs analyzed in the present work may be degraded employing the same method. At lower pH values than their corresponding pKa value, 24D-CPA, 34-CPA and 245T-CPA might be degraded by nucleophiles or electrophiles. However, 4-CPA is only affected by electrophiles at acid or basic pH values. Table 6 . More reactive sites on 24D-CPA, 34-CPA and 245T-CPA at the MP2/6-311++G(2d,2p) levels of theory.
Molecule
Neutral Anionic 4-CPA  5C,7C  2O, 3C  4C,7C  2O,3C   24D-CPA  4C,7C  2O,3C  4C, 7C  2O,3C   34-CPA  4C,5C  2O, 3C  5C,7C  2O,3C   245T-CPA  4C,7C  13Cl, 7C  4C, 7C  2O,3C 
